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Efficient wound healing including clotting and subsequent reepithelization is essential for animals ranging from insects to
mammals to recover from epithelial injury. It is likely that genes involved in wound healing are conserved through the phylogeny
and therefore, Drosophila may be an useful in vivo model system to identify genes necessary during this process. Furthermore,
epithelial movement during specific developmental processes, such as dorsal closure, ressembles of those seen in mammalian
wound healing. As puckered (puc) gene is a target of the JUN N-terminal kinase signaling pathway during dorsal closure, we
investigated puc gene expression during wound healing in Drosophila. We showed that puc gene expression is induced at the
edge of the wound in epithelial cells and Jun kinase is phosphorylated in wounded epidermal tissues, suggesting that the JUN
N-terminal kinase signaling pathway is activated by a signal produced by an epidermal wound. In the absence of the Drosophila
c-Fos homologue, puc gene expression is no longer induced. Finally, impaired epithelial repair in JUN N-terminal kinase deficient
flies demonstrates that the JUN N-terminal kinase signaling is required to initiate the cell shape change at the onset of the
epithelial wound healing. We conclude that the embryonic JUN N-terminal kinase gene cassette is induced at the edge of the
wound. In addition, Drosophila appears as a good in vivo model to study morphogenetic processes requiring epithelial
regeneration such as wound healing in vertebrates. © 2001 Elsevier Science
Key Words: Drosophila; puckered; dual specificity phosphatase; epithelial cell shape; Fos; wound healing; JNK signaling;
epithelial morphogenetic process; dorsal closure; MAPK kinase pathway.INTRODUCTION
Skin functions as a protective barrier against intrusion of
pathogens. Any break in the skin must be quickly and
efficiently repaired. In mammals, temporary healing is
rapidly achieved after wounding through the formation of a
clot consisting of platelets embedded in a mesh of cross-
linked fibrin fibers that plugs the open wound. A battery of
cytokines and growth factors (usually called “growth factor
kick start”) recruits circulating inflammatory cells to the
site and initiates reepithelization and collagen network
reformation (Martin, 1997). Nonetheless, the understanding
of the epithelial repair is still fragmentary. Drosophila
melanogaster has been successfully used as a model organ-
ism for research for almost a century on many diverse
aspects of developmental biology and physiology. Some
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All rights reserved.epithelial movements during Drosophila development are
analogous to those involved in wound healing and there-
fore, it has been proposed that embryonic dorsal closure
(DC) might be a model for wound healing (Noselli and
Agnes, 1999).
During DC, the dorsal-most cells of the lateral
epidermis—which forms the leading edge (LE) of the epithe-
lial sheet—elongate along the dorsal axis. Then, at mid
embryogenesis, DC progresses through stretching of the
columnar cells in the more lateral ectoderm. Epidermis
moves dorsally over the amnioserosa, and closure is com-
pleted when the edges of the epidermal sheets interdigitate
and form a suture at the dorsal midline. Morphologically,
this phenomenon appears similar to that described in mam-
malian wound epithelial repair. Therefore, we hypothesized
that the same set of genes that are important for DC may
also play a role in wound healing and assayed their expres-
sion during epithelia repair.
The easiness to identify DC mutants has led to the
identification of numerous loci required for DC and to the
145
at 6
146 Ra¨met et al.understanding of how DC is regulated. Loss of function
mutant of the Drosophila Jun N-terminal kinase (DJNK)
signaling pathway leads to a typical dorsal open phenotype
reflecting a failure of lateral ectoderm to move dorsally. The
linear DJNK signaling cascade includes the p21-activated
FIG. 1. Histology of wound healing. A, B, C, and D are semi-thin
at 4 h, 12 h, 18 h, and 24 h, respectively. Wounds were easily dete
the wound: E, time course of survival rate from three independent
pattern of suture in wild type and Bc homozygous fly respectivelykinase (PAK) homologue (Harden et al., 1996), the MAP-
© 2001 Elsevier Science. AKKK misshapen (msn) (Su et al., 1998), the MAPKK
hemipterous (hep) (Glise et al., 1995), the MAPK basket
(bsk) (Riesgo-Escovar et al., 1996; Sluss et al., 1996), two
transcriptional activators constituting the AP-1 factor, the
DJun homologue of Jun-related antigen (Jra) (Hou et al.,
on of cut abdomen of wild-type flies at the level of wound location
le as the melanin clot formation. Bc is required for the clotting of
riments in wild type, Bc/1 and Bc/Bc cut flies. F and G show the
h postwounding.secti
ctab
expe1997; Kockel et al., 1997; Riesgo-Escovar and Hafen, 1997a),
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fos (Riesgo-Escovar and Hafen, 1997b), the transcriptional
repressor anterior open (aop) (Riesgo-Escovar et al., 1996),
and the dual-specificity phosphatase puckered (puc)
(Martin-Blanco et al., 1998). Throughout DC, the DJNK
signaling pathway is selectively activated in the LE. DJNK
null mutations lead to an early lethal phenotype and
therefore cannot be utilized to study the role of DJNK in
adult wound healing.
FIG. 2. Spatial distribution of lac-Z gene through several enhanc
B, pucE69 in toto X-Gal staining. C, pucE69 on dissected cuticle, D
expression is revealed by antibody staining. E, msn06946. F, l(3)1351
non-wounded and wounded epidermis at 3, 6, 12 h of wild-type fl
(right-hand blot) antibodies.puc encodes a dual-specificity phosphatase of the VH-1
© 2001 Elsevier Science. Afamily that includes CL-100, an enzyme that specifically
dephosphorylates and consequently inactivates MAPK fam-
ily members, including JNKs (Martin-Blanco et al., 1998).
Its expression, as most of phosphatases of the VH-1 family,
is subject to a tight transcriptional control (Bokemeyer et
al., 1997). The balance between MAPK kinase and MAPK
phosphatase activities controls the activation of the
MAPKs through a feedback mechanism that is dependent
on their own signaling ability. Consistent with the molecu-
ap lines at 12 h postwounding in heterozygous flies. A, wild type.
i-thin section through pucE69 cut cuticle. b-galactosidase pattern
ed as DFos-lac Z. G, western blot analysis of protein extract from
ith anti-phospho-JNK (left-hand blot) and anti-mammalian JNKers tr
sem
/3uslar function and with the regulation of expression of puc,
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puc-dependent negative feedback loop in the cell acting at
the margin of the embryonic ectoderm (Martin-Blanco et
al., 1998). During DC, puc is expressed in a single row of the
dorsal-most cells of the LE. Mutants in DJNK signaling
pathway have abolished puc expression indicating that puc
transcription is under the direct or indirect control of the
DJNK signaling pathway (Glise et al., 1995; Glise and
Noselli, 1997; Riesgo-Escovar et al., 1996). In puc mutants,
the spreading of the epidermal sheet is not significantly
affected but the LE fails to form a suture at the dorsal
midline (Ring and Martinez Arias, 1993). Epithelial sheet
spreading is also observed at the early puparium, during
imaginal disc eversion that involves a set of shape changes
leading the internal part to fold out through the open sac.
Each adjacent disc spreads and meets their neighbors along
suture margins and thus promotes complete adult dorsal
thoracic epidermis (Usui and Simpson, 2000). Recently, the
study of imaginal disc morphogenesis in hep (Agnes et al.,
1999) and kay mutants (Zeitlinger and Bohmann, 1999)
revealed that the DJNK signaling pathway plays a role
during spreading and fusion of the dorsal part of the wing
disc. Importantly, puc expression is controlled by hep and
kay during this process in specific part of the wing disc
epithelium, the peripodial membrane (Agnes et al., 1999;
Zeitlinger and Bohmann, 1999). Therefore, both these devel-
opmental epithelial morphogenetic processes provide ex-
amples how the DJNK pathway is required for the gene-
specific control of puc expression. Finally, puc gene expression
has been also shown to be regulated by hep during DJNK-
dependent apoptotic activation in wing imaginal disc cells in
third instar larvae (Adachi-Yamada et al., 1999). Taken to-
gether, these results suggest that puc expression can be used to
monitor the activation of the DJNK signaling.
In this study, Drosophila melanogaster was used as a
genetic model to study wound healing. We were able to
show that the epidermal cell layer is able to recover from a
large injury in the integument. We also report that puc is
induced in the cells undergoing shape changes during the
process of epithelial regeneration. Furthermore, this induc-
tion is controlled by kay, which encodes DFos, one of the
transcriptional factors of the DJNK pathway. Finally, in
absence of the DFos, the wounded epidermis could not
initiate the epithelial repair. Our results demonstrate that
the DJNK signaling pathway is required for wound healing
in Drosophila.
MATERIALS AND METHODS
Drosophila Stocks
Fly cultures and crosses were grown on standard fly medium at
25°C. Fly strains are as described: UAS-DFosbZip, (Zeitlinger et al.,
1997), kay1 and kay2 (Riesgo-Escovar and Hafen, 1997a), pnr-Gal4
(Calleja et al., 1996), nec1 and nec2 (Heitzler et al., 1993), pucE69(Ring and Martinez Arias, 1993), puc320c (Martin-Blanco et al.,
© 2001 Elsevier Science. A1998), pucWG1173 (Glise et al., 1995), and Black cells (Bc; Rizki et al.,
1985).
All the puc-lacZ lines were provided by Martinez-arias. As
described in Zeitlinger and Bohmann (1999), the lethality and
thoracic cleft phenotype kay1/kay2 was partially rescued by remov-
ing the copy of wild-type puc gene. DFos-lacZ has been kindly
provided by Decquier E., and corresponds to the l(3)1351/3 en-
hancer trap line. It has been described in abstract at A. Dros. Res.
Conf. 41 (2000). nec1 and nec2 are two alleles of necrotic genes
(Heitzler et al., 1993). Due to contaminated lethal secondary
mutation carried on nec1 and nec2 chromosomes, nec1/nec2 flies
were obtained by breeding heterozygous flies for the two alleles.
Neither hemipterous nor puc mutations are able to rescue the
phenotype, suggesting that the semi-lethality and the necrotic
spots are independent of the DJNK signaling pathway.
Experimental Model
Mechanical wounding was done either with razor blade, needle,
or iridectomy scissors. Scissors were mainly used to cut vertically
between the third and the seventh tergites of the adult fly abdo-
men. This method allows examination of both sides of the adult
and easy reproducibility. Drosophila larvae would be also suitable
in genetic analysis of wound healing since most DJNK signaling
pathway mutant dies at third instar. Unfortunately, third instar
larvae do not survive injury larger than a needle prickle.
Histochemical Detection of b-Galactosidase
Activity
After fixation in 1% glutaraldehyde in phosphate buffered saline
(PBS) pH 7.5 for 10 min on ice dissected abdomen or thorax from
adult flies were stained for b-galactosidase activity, in 0.4%
5-bromo-4-choro-3-indolyl-b-D-galactopyranoside (X-gal), 5 mM
K4Fe(CN)6, 5 mM K3Fe(CN)6, 150 mM NaCl, 1 mM MgCl2, 10 mM
NaH2PO4, 10 mM Na2HPO4, 50% Ficoll-400 for 10 h or overnight
at 37°C. Wounded adults were dissected at different time points by
opening the abdomen and cleaning off visceral and fat body to allow
the epidermal sheet to be in contact with the staining solution.
Dissected and stained abdomens were mounted in 20% Ethanol in
glycerol.
Histology
Cuticle and epidermis were cut transversally from one of the last
abdominal tergite using iridectomy scissors. Transversal and lon-
gitudinal sections were also cut at the same level using a fragment
of razor. Wounded flies were fixed with either formaldehyde (4% in
0.1 M phosphate buffer, pH 7.4) for histochemical purposes or with
glutaraldehyde (4% in the same buffer) for morphological analysis.
Some of the glutaraldehyde fixed flies were postfixed in osmium
tetroxide (1% in phosphate buffer). All glutaraldehyde fixed flies
were dehydrated and embedded in araldite-epon using conven-
tional techniques (Lanot et al., 2001). Blocks were sectioned in
semi-thin (10 mm–15 mm thick) or ultra-thin sections and exam-
ined with photonic or electronic microscope.
Survival Experiments
Survival experiments were carried out at 25°C on groups of 50
using 2–6 day-old adults. Each fly was individually wounded with
ll rights reserved.
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recover after anesthesia (never more than 15% of the total) were
discarded and were excluded from counting. Experiments were
repeated three times. Wild type and Bc/1 exhibited a similar
survival rate suggesting that the increased lethality was not due to
the dominant effect (melanized crystals cells) of the Bc mutation.
Protein Extraction and Western Analysis
Wounded flies were collected over a 12 h period, dissected in
cold PBS. Nonwounded flies were used as control. Abdominal
cuticles were then homogenised with a plastic microfuge tube
homogeniser in 100 ml of lysis buffer containing 20 mM hepes ph
7.4, 2 mM EGTA, 50 mM b-glycerophosphate, 1% triton X-100,
10% glycerol, 1 mM DTT and, 13 protease inhibitors (Boerhinger
Manheim). Thirty micrograms of protein was loaded on gel. Nitro-
cellulose membranes were blocked in 13 PBS/0.1% Tween with
5% defatted milk and incubated with 1:1000 anti-JNK1 (Santa Cruz
Biotech. Inc) or 1:2000 anti-phospho-JNK (Promega). Because we
did not have specific Drosophila anti-phospho-JNK antibody, we
used an antiserum raised against activated mammalian JNK. This
antibody recognizes the conserved motif within the activation loop
that is highly conserved from Drosophila to mammal. The appro-
priate peroxidase-conjugated secondary antibody was used at a
dilution of 1:5000 and the blots visualised by enhanced chemilu-
minescence (ECL; Amersham).
RESULTS
The results reported in this study were obtained with
adult Drosophila. In most cases, flies were anesthetized and
then mechanically wounded with iridectomy scissors to cut
adult abdomen vertically between the third and the seventh
tergites. Most of the flies recovered from the wounding
(about 90%) demonstrating their ability to overcome injury
of this size. As microbial infection could effect our results
(especially for survival rate experiment), instruments were
cleaned before each experiment to decrease microbial con-
tamination (without preventing it totally). Using this
wounding procedure, we have examined the histology of
wound healing, the b-galactosidase gene expression of
several enhancer-trap lines, extracted proteins from adult
abdominal cuticles and followed the survival rate in wild
type and Bc flies. Except for survival rate experiment where
medium or large wounds are required, similar results were
obtained by prickling with needle or cutting with thin razor
blade.
Histology of Wound Healing
Semi-thin sections were used to examine the histology of
wound healing at the cellular level. The first response to
epithelial wound is the formation of a clot at the initial site.
Subsequently, the clot becomes melanized making the
location of the wound clearly visible. The clot appears to
consist of an accumulation of melanin and by hemocytes
that aggregated at the site of injury (not shown). Hemocytes
may be involved also in the clearance of cellular debris and
invading microbes.
© 2001 Elsevier Science. ADuring the first 2 h after wounding no sign of epithelial
cell movement can be seen. In most cases, the edges of the
cut epidermis are found far away from the broken cuticle.
As for the wounded embryonic epidermis (Kiehart et al.,
2000), the adult epidermal layer may be submitted to an
intrinsic isotropic epidermal tension that retracts it upon
any break injury. By 4 h, the epithelial cells of the edge of
the wound seem to shed from the disrupted cuticle. These
cells appear larger than the epithelial cells lining the
normal cuticle (Fig. 1A), and exhibit cytoplasmic protru-
sions. By 12 h, the protrusive cytoplasmic extensions ex-
tend from the cells of the edge of the wound and “migrate”
toward each other under the melanin clot (arrowhead in Fig.
1B), Subsequently, they cause the epidermis to form a
suture. These cytoplasmic extensions suggest that adult
epidermis is healed by the activity of dynamic lamellipodia
or filipodia. Correspondingly, cytoskeleton reorganization
has been previously described in wound healing model of
cultured Madin-Darby canine kidney cell (MDCK; Fente-
any et al., 2000) and during Drosophila DC (Jacinto et al.,
2000). At this point, the epithelial cells are still enlarged but
start to return to their initial shape. The suture of the
epithelium is normally achieved within 18 h after injury
(arrowheads in Figs. 1C, D). By this time, the wounded
epithelium has healed, and cells have returned to their
original shape.
To ascertain the importance of melanin production in
wound healing, the survival rate of Bc homozygous flies
was measured after a transversal wound of the adult abdo-
men cuticle (Fig. 1E). Bc/Bc flies lack hemolymphatic
phenoloxydase activity and therefore, do not produce mela-
nin (Rizki et al., 1985). By 24 h after wounding, wild type
flies and Bc/1 heterozygous flies, that present a dominant
melanized crystal cell phenotype, but have wild-type phe-
noloxidase activity, had about 20% mortality, suggesting an
efficient wound repair. In contrast, the vast majority (91%)
of wounded Bc/Bc mutants died. 50% mortality of Bc flies
was already seen by 6 h, suggesting that phenoloxydase
activity is essential early in the wound healing process.
Similarly, lozenge (lz) mutants, which lack crystal cells and
hence present a weak hemolymphatic phenoloxydase activ-
ity, exhibited a poor ability to recover from the injury (data
not shown).
The wound clots differently in Bc flies compared to wild
type (Fig. 1F compared to 1G). In wild type flies, a melanin
deposit is observed as early as by 10 min after wounding and
it is still visible 6 h after injury (Fig. 1F). In contrast, there
is no evidence of melanin formation in the wounded integu-
ment of Bc flies, (Fig. 1G), indicating that the latter is of
hemolymphatic origin. Furthermore, the two edges of the
wound are found apart in Bc flies (arrowheads in Fig. 1G).
This failure to keep the edge of the wound in close proxim-
ity leads to death due to bleeding. These results underlie the
essential role of the phenoloxydase activity, or an associ-
ated phenomenon, for the efficient clot formation and
preventing bleeding.
ll rights reserved.
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Drosophila Epidermis Upon Injury
To determine whether the JNK signaling pathway
(which is involved in Drosophila embryonic DC) also
participates in wound healing, pucE69, a puc enhancer trap
line, was assayed for b-galactosidase gene expression
during wound healing. puc gene expression has been
commonly used to monitor the extent of DJNK activa-
tion. Cut and uncut epithelium from adult abdomen of
wild-type and puc-lacZ flies were separated from the rest
of the body, dissected in fixative solution to eliminate
gut and fat body, and stained in X-gal solution. Cuticle
from injured wild type (Fig. 2A) or control pucE69 flies did
not show positive staining (data not shown). On the
contrary, in wounded puc-lacZ flies, the cells close to the
wound showed strong induction of puc-lacZ expression,
whereas abdominal regions more distant from the wound
did not (Figs. 2B, C). Semi-thin sections through a puc-
lacZ wounded abdomen confirmed epithelial puc expres-
sion in wounded tissue (Fig. 2D). Several other puc
enhancer trap lines (see Materials and Methods) showed a
similar induction of puc expression at the side of the
wound site (data not shown). These results suggest that
the signaling pathway that activates puc gene expression
FIG. 3. Time course of puc-lacZ gene expression. puc gene expre
1 h, B, 3 h, C, 12 h. Small top-right square in B is a higher magnifica
seems to be retracted from the edge of the wound. D, 1003 magnifi
cell rows in a decreasing gradient (at 12 h postwounding). Black stis induced in epidermal cells close to the wound.
© 2001 Elsevier Science. ATo further investigate the involvement of DJNK pathway
in wound healing, several lacZ enhancer trap in related
genes were investigated. One of them, misshapen-lacZ,
showed a weak constitutive expression in all ventral epi-
dermal cells in control flies. However, upon wounding, a
local up-regulation extending to a larger epidermal zone
compared to puc-lacZ was observed (Fig. 2E). In contrast, an
enhancer trap line in kay showed only a weak induction of
expression (Fig. 2F).
To ascertain that the Drosophila JNK pathway is acti-
vated in wounded epidermis, DJun N-terminal kinase ac-
tivity was assayed using anti-phospho-JNK antibodies. Pro-
tein extracts from adult abdominal integument from
control and wounded flies were assayed for anti-phospho-
JNK reactivity. As shown in Fig. 2G, phospho-JNK (pre-
dicted size about 50 kDa) can be detected only in the
protein extracts from the wounded epidermis, whereas the
unphosphorylated form of DJNK is present in all of the
samples. This indicates that DJNK is phosphorylated in
response to wounding in epidermal cells, and therefore,
suggests that the JNK signaling pathway is activated.
Temporal puc Gene Expression
Interestingly, puc-lacZ expression did not begin immedi-
was assayed in pucE69 strain at different time postwounding: A,
of the leading edge observed at 3 h postwounding. The leading edge
n showing that puc is expressed from the wound edge over several
orresponds to melanin clot.ssion
tion
catio
rip cately after wounding. X-gal staining stays negative during
ll rights reserved.
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wounding, puc-lacZ expression is activated (Fig. 3B). At this
point, the epidermal edge expressing puc is separated from
the melanized line that defines the edge of the wound
(small top right square in Fig. 3B). There appears to be a
FIG. 4. PuclacZ gene expression in necrotic mutant flies. A,
electron microscope picture of necrotic spot. Golden star indicates
a necrotic cell. Black arrowhead shows newly epithelial cell layer.
B, C, In necrotic mutant flies that present continuous epithelial
regeneration, puc gene expression is restricted to epithelia cells
around necrotic spots. pucE69 was introduced in nec mutant back-
ground and rare adult nec-deficient flies were X-gal stained. B,
abdominal cuticle, C high magnification of the leg. Arrowheads
point the location of necrotic spots, which are in all case sur-
rounded by puc expression.temporal correlation between the onset of puc gene expres-
© 2001 Elsevier Science. Asion and cell shape change and cell movements. By 6 h, the
puc expression has become stronger and the edge of puc-
lacZ expression has moved closer to the edge of the wound.
The peak in puc-lacZ expression is observed about 12 h
after wounding, both in terms of positive cells and staining
intensity (Fig. 3C). At 18 h after wounding, puc gene
expression is still observed but the number of positive cells
has decreased. This may reflect reduction of cell shape
change activity in epidermis. Therefore, puc gene expres-
sion in cells close to the edge of the wound is temporally
associated with the cell shape change.
In contrast to embryonic DC where only the most dorsal
cell row at the leading edge is expressing puc gene, several
rows of adult epidermal cells show a strong b-Galactosidase
activity during wound healing (Fig. 3D). This result is
consistent with high DJNK activity in the vicinity of the
wound. Indeed, the extent of the area expressing puc-lacZ
clearly depends on the size of the wound (up to 8 cell rows,
not shown). Furthermore, puc gene expression showed a
decreasing gradient from the edge of the wound towards
healthy epithelium. This suggests that a newly formed
signal emerges from the wound and diffuses through the
epidermal layer.
necrotic Mutant Flies as a Model for Epithelium
Repair
necrotic gene (nec) encodes a putative serine protease
inhibitor of the serpin family (Heitzler et al., 1993; Green et
al., 2000). Mutant flies have necrotic areas in the epidermis
of the body and the leg joints. TEM analysis revealed the
presence of necrotic epidermal cells under melanized spots
(golden star in Fig. 4A and Green et al., 2000). In most cases,
a new layer of epidermis was observed underneath the
necrotic cells, presumably replacing the dying cells (arrow-
head in Fig. 4A and Green et al., 2000). To determine
whether puc gene induction is correlated to the epithelial
regeneration, we investigated pucE69 P-lacZ expression in a
nec mutant background. A strong b-galactosidase staining
was observed in the neighborhood of necrotic spots (Fig. 4B,
C). In Fig. 4B, a large necrotic area on the abdominal
integument is shown. puc expression is clearly induced in
the epithelial region surrounding the necrotic area. puc-
dependent b-galactosidase is also observed at necrotic spots
located at leg junction (Fig. 4C).
These observations suggest that puc expression is not
only induced by wounding but also by necrotic injury of the
epidermis. Therefore, puc expression seems to correlate
with the spreading and fusing of the two epithelia of an
injured epidermis.
Regulation of puc Gene Transcription
During embryonic DC, the DJNK pathway activates puc
expression in the LE and as a negative feedback loop, puc
itself down-regulates the DJNK (Glise et al., 1995; Glise and
Noselli, 1997; Martin-Blanco et al., 1998). To further test if
ll rights reserved.
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wound healing, puc expression pattern in adult epidermis
was analyzed in fly mutants of this pathway. In hep1, a
hypomorphic allele of hemipterous, (encoding the MAPKK),
puc-lacZ expression is almost completely normal. This
result is not totally unexpected since hep1 flies present no
epidermal defects (not shown). Stronger hep allele muta-
tions are lethal and could not be studied. However, a
heteroallelic combination of kay mutations leads to viable
flies. Since the incidence of dorsal thoracic cleft phenotype
of this mutant is higher than that in hep1, it is more likely
to affect the regulation of puc expression. In kay1/kay2
animals, puc gene induction is drastically reduced at the
site of injury (Fig. 5B) compared to wild-type (Fig. 5A). This
result demonstrates that puc regulation is dependent on the
transcriptional activator DFos during wound healing. Inter-
estingly, still 18 h after wounding, the mutant cells are
separated from the edge of the wound comparably to that
observed with wild type at 3 h after wounding. This
suggests that the epidermal sheet has been unable to spread
under the wound and that the process is blocked at the
initiation stage. Since DFos, together with DJun, is the
target of the DJNK pathway, and forms the transcription
factor AP-1, it is likely that the DJNK pathway is switched
on by an integument injury.
To find out if DFos mutation has a cell autonomous
effect, we used UAS/GAL4 system to express a dominant
negative form of DFos in the pannier (pnr) expression
domain. In the pnr-Gal4 line, Gal4 protein is expressed in a
large dorsal band of adult epidermis [(Calleja et al., 1996),
right to the dashed lines in Fig. 5C, D]. A continuous wound
was done to overlap this dorsal epidermal expression do-
main and the dorso-lateral and ventral epidermal domain.
puc-lacZ expression was then assayed 12 h after wounding.
In control flies (pnr-Gal4/1; pucE69, Fig. 5C), puc is ex-
pressed at the wounded epidermis independently on the
location. When DFosbZip dominant negative form of DFos is
expressed in the dorsal band, X-Gal staining shows a clear,
albeit not total, reduction of puc expression at the expected
places (right to a dashed line in Fig. 5D). In contrast, puc
expression is induced normally outside of the pnr expres-
sion domain (left from the dashed line in Fig. 5D). This
demonstrates that the puc gene induction is under the
control of the DFos transcriptional factor in a cell-
autonomous manner similarly to that observed during
dorsal and thorax closure.
To ascertain the importance of the DJNK pathway in
wound healing, we investigated the phenotype of kay
mutant during the course of wound healing. As expected,
the wounded epidermis from kay deficient flies failed to
recover (Fig. 5E). The epithelial cells at the edge of the
wound also failed to undergo any evident cell shape change
or show any cytoplasmic protrusive extensions. Even at
18 h after injury, the wound is not repaired (compare Fig. 5E
and with wild type in Fig. 5F). Therefore, the transcriptional
activator DFos appears necessary for a normal epithelial
repair in adult Drosophila. Interestingly, wounded mutant
© 2001 Elsevier Science. Aflies do not suffer any higher mortality compared to
wounded wild type flies over a period of 6 days, suggesting
that epithelial repair is not crucial for early survival.
DISCUSSION
Activation of the DJNK Pathway through
Re-epithelization Process in Drosophila
Wound Healing
In this study, we have used Drosophila as a model to
study wound healing. The epithelium is healed by epithe-
lial cells that undergo cell shape change and by formation of
cytoplasmic extensions, similar to lamellipodia or filipodia.
This activity has been reported previously in wound healing
model of cultured Madin-Darby canine kidney cell (MDCK;
Feantany et al., 2000) and also during Drosophila DC
(Jacinto et al., 2000). Our study also definitively demon-
strates that phenoloxydase activity is crucial to plug the
wound and preventing bleeding. No homologous sequence
for Limulidae procoagulogen or for clotting protein from
crayfish has been found in the Drosophila genome (Khush
and Lemaitre, 2000). Therefore, hemolymphatic phenoloxy-
dase might be the key activity of the coagulation system in
Drosophila. Finally, this is the first report to our knowledge
to demonstrate the in vivo requirement of the Drosophila
Ser/Thr kinase cascade of the DJNK signaling pathway in
the epithelial regeneration during wound healing.
puc is known to be a specific transcriptional target of
DJNK in two different developmental processes and during
inducible apoptosis in larval wing disc (Adachi-Yamada et
al., 1999; Noselli and Agnes, 1999; Usui and Simpson, 2000;
Zeitlinger and Bohmann, 1999). We report that puc gene
expression is specifically induced in epithelial cells at the
edge of the wound. This led us to examine whether com-
ponents of the DJNK gene cassette were also involved. We
showed that puc gene expression was cell autonomous,
under the control of DFos, encoded by the kayak gene. In
contrast to mammalian c-fos, DFos can form homodimers
(Perkins et al., 1990) and also performs essential function
independently of the Djun function (Riesgo-Escovar and
Hafen, 1997a). Thus, DFos could potentially activate puc
expression alone during wound healing. However, we de-
tected the activated form of DJNK in wounded animals and
not in control animals, whereas the nonphosphorylated
form was detected in the protein extract of both. Taken
together, these results suggest that both Djun and Dfos
cooperate in wound healing. In addition, we show that
expression of misshapen, the MAPKKK homolog and kay
are moderately up-regulated in the wounded epithelium.
This weak induction is not surprising, since strong up-
regulation of active component of the DJNK is not neces-
sary as MAPK molecules rather behave like molecular
switches, oscillating between “on” and “off” states in
response to stimuli. This supposes that the MAPK mol-
ecules have to be present in all the cells where the pathway
might be activated. On the contrary, MAPK phosphatases
ll rights reserved.
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This negative feedback loop ensures that the MAPK switch
back to the off position soon after it has been turned on.
Therefore, it is likely that the DJNK signaling pathway
activates the AP-1, a heterodimer of transcriptional factors
DFos and DJun at the edge of wounded epidermis, regard-
less of the weak induction of the MAPK signaling mol-
ecules.
DJNK seems to be required for optimal epithelial repair.
First, continuous epithelial regeneration observed in nec
mutant flies correlates with puc expression. Second, embry-
onic DC and adult thoracic closure are morphologically
similar to wound healing and rely on DJNK activation
which control puc gene expression in epithelial cells. Cor-
respondingly, puc gene is induced in the epithelial cell
undergoing wound healing. Furthermore, we observe exact
mirror temporal correlation between puc gene induction
(starting approximately 3–4 h after wounding), DJNK phos-
phorylation and the manifestation of cell shape change of
epidermis and cell spreading. In kay mutant, the adult
thoracic cuticle failed to initiate or had aberrant spreading
and fusion of the two lateral wing disc (Zeitlinger and
Bohmann, 1999). This phenotype called dorsal thoracic cleft
is characterized by a lack of differentiation to a total
absence of the thoracic dorsal midline. In our study, phe-
notypic analysis of kay adult mutant during epidermal
healing revealed that the Dfos gene is crucial for this
process. The cell shape change in the last cell row of the
leading edge that clearly occurred in wild-type, is never
observed in kay mutants suggesting that the tissue remod-
eling is blocked in an initial stage. Subsequent cell crawling
is remarkably impaired. Besides the role of Dfos for puc
gene regulation, Dfos functions as a key regulator of the
morphogenetic epithelial process that leads to the closure
of a wound.
Distinct subfamilies of mitogen-activated protein kinases
(MAPKs), such as the extracellular signal-regulated kinase
(ERK), p38, and JUN kinase have evolved to transmit
different types of signals. c-JUN N-terminal kinase (JNK)
pathway is activated by treatment of cells with cytokines
(TNF and IL-1) and by exposure of cells to various forms of
environmental stress such as osmotic stress, redox stress
and radiation (review by Ip and Davis, 1998). Furthermore,
the JNK pathway has been shown to play a role in apoptosis,
in cell survival and tumor development (Cross et al., 2000).
In contrast, only few studies have pinpointed the involve-
ment of JNK pathway in mammalian wound healing. In
cultured mouse fibroblast, the JNK pathway is induced
predominantly in cells bordering wounded layers after
PDGF and EGF stimulation. When these cells reach conflu-
ence, the JNK pathway becomes inactive (Lallemand et al.,
1998). This suggests that induction of the JNK cascade in
response to mitogenic or chemotactic agents is restricted to
cells that border the wounded area. In rat embryos, the c-fos
gene is induced in cells at the epidermal wound margin
(Martin and Nobes, 1992). These data strongly argue that
the DJNK pathway is responsible to signal the epithelial
© 2001 Elsevier Science. Acells to spread, once the epithelium has been broken. In
mammals, there are three different JNK genes. JNK1 and
JNK2 are expressed ubiquitously whereas JNK3 expression
is restricted to brain, heart, and testis. Mice deficient in
JNK1 or JNK2 appear to be morphologically normal, sug-
gesting a redundant function. Unfortunately, double muta-
tion in JNK1 and JNK2 causes early embryonic death (Kuan
et al., 1999). To clarify the role of JNK1 and JNK2 in
mammal wound healing, a conditional knockout strategy
should be applied.
Difference between Embryonic Dorsal Closure,
Adult Thoracic Closure, and Adult Wound Healing
It has been emphasized that DC of the embryo and dorsal
closure of the imaginal thorax are similar to wound healing.
Indeed, all of these systems rely on the DJNK signaling
pathway. Nevertheless, there are some significant differ-
ences that noteworthy. During embryonic DC, the activity
of the DJNK pathway promotes the LE identity and puc
gene expression is restricted to one row of the most dorsal
epidermal cells. Interestingly, puc expression is activated in
several rows of cells in the adult epidermis during wound
healing. Glise and Noselli (1997) provided genetic evidence
that the puc gene product negatively regulates the DJNK
signaling. During DC, hyperactivity of the DJNK signaling
pathway (as in puc mutant background) leads to a lateral
expansion of ectopic puc expression. Consistent with this
observation, ectopic expression of puc is also observed
when dominant activated forms of two small GTPases,
Drac, or Dcdc42, are over-expressed in the leading edge
(Glise and Noselli, 1997). Therefore, augmenting DJNK
activity in the leading edge results in a failure to restrict
DJNK signaling. Based on these observations, we hypoth-
esize that the wound constantly hyper-activates the DJNK
in the most proximal cells and that puc protein phosphatase
activity is not sufficient to restrict JNK activity to the first
row of cell at the edge of the wound. Interestingly, puc is
expressed in several rows of cells also during adult thoracic
dorsal closure. It is noteworthy that both wound healing
and thoracic dorsal closure require epithelial migration over
a longer distance than during embryonic DC.
Interestingly, the puc pattern expression shows a decreas-
ing gradient from the edge of the wound to the healthy
epithelium. Such a gradient suggests that a signal is initi-
ated at the site of the wound and diffuses through many cell
rows in a graded manner. Currently, the nature of this
signal is unknown, and it has been yet identified during the
DC or the thoracic closure. Furthermore, we do not know
how it propagates from the wound to the outer cells.
Regardless, the exceptionally wide area of puc expression
during wound healing is likely due to hyper-activity of the
DJNK pathway in the first cell row of the wounded edge.
Alternatively, the gradient slope of puc gene expression
may suggest a diffuse extra-cellular signal produced by the
wound itself.The current view of mechanism of DC is that the LE
ll rights reserved.
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elongation (Noselli, 1998). One important consequence of
the DJNK signaling during DC is the transcriptional acti-
vation in the LE of decapentaplegic (dpp) gene (Glise and
FIG. 5. DFos controls puc-lacZ gene expression and is required f
pattern in, respectively, wild type and DFos deficient fly. C and D
produces a significant reduction of pucE69 expression in the pnr exp
(wild-type) and D (DFos deficient). However, the effect is not fully
adult, kay1/kay2, and in F of wild-type adult fly, 18 h after wound
wild-type but instead of we found fat body cells (arrowhead).Noselli, 1997; Hou et al., 1997; Riesgo-Escovar and Hafen,
© 2001 Elsevier Science. A1997b), which encodes a member of the transforming
growth factor-b (TGF-b) superfamily. Such an instructive
role appears to be mediated by dpp, which triggers a second
epidermal signaling cascade. To test whether this regula-
-epithelization during wound healing. A and B, pucE69 expression
ominant form of Dfos, UAS-DFosbZip, under the pnr-Gal4 conrol
on domain: compared X-Gal staining right to the dashed line in C
etrant. Semi-thin section through abdomen in E of DFos deficient
No change in cell shape is observed in epidermal cells as seen inor re
, a d
ressi
pen
ing.tory links also exist during Drosophila wound healing, we
ll rights reserved.
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strains. We did not observe any up-regulation at any time
during the healing process (data not shown). Some observa-
tions suggest that epithelial cell spreading can occur inde-
pendently of Dpp/TGF-b. First, both in Rho1 and in Protein
kinase (Pkn) mutant embryos, exhibiting an embryonic
dorsal closure phenotype, dpp expression in the LE is
apparently normal, suggesting these genes are able to me-
diate a dpp-independent instructive signal to the lateral
epidermal cells (Lu and Settleman, 1999). Second, the
failure of an activated Thick vein (Tkv) receptor to rescue
the dorsal opened phenotype caused by a mutation in the
shark tyrosine kinase gene (Fernandez et al., 2000), is
consistent with the requirement for another pathway in the
lateral epidermis in addition to dpp. The involvement of
TGF-b in mammalian wound healing is currently unclear.
On the one hand, expression of endogenous TGF-b is
reduced in mouse model of impaired wound healing, and
addition of exogenous TGF-b has been shown to improve
healing (Crowe et al., 2000). On the other hand, TGFb1
level is high during all the steps of the healing process
reaching peaks level once the suture of the wound is formed
(Frank et al., 1996; Martin et al., 1993). Interestingly,
Smad3 null mice that have impaired TGF-b signaling
paradoxically showed improved wound healing (Ashcroft et
al., 1999). Similarly, a recent study suggests that TGFb1 is
not critical for initiation or progression of tissue repair
(Koch et al., 2000). However, as dpp is known to be
expressed in Drosophila adult epidermal cell (Kopp et al.,
1999), we can not exclude that dpp does play a role during
the epidermal cell migration.
In conclusion, the powerful molecular and genetic ap-
proaches possible with Drosophila might be used as a
model to understand the complex process of wound healing
requiring the collaborative efforts of many different tissues.
This in vivo study may help our understanding of how
DJNK signaling participate in morphogenetic processes
employing epithelia with free edges such as wound healing
in vertebrates. Numerous questions including the exact
nature of the biochemical signal, triggering epithelium
repair, can be addressed in the future in this model system.
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